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I. INTRODUCTION 
. The research  i n  progress under t h i s  grant  (NASA Grant 
NGR-43-001-018) consists of an experimental  and t h e o r e t i c a l  
i nves t iga t ion  of the relati9nship b e t ~ ~ r ?  t h e  l o c a l  atomic 
arrangements i n  metallic s o l i d  so lu t ions  and the  phys ica l ,  
mechanical, and thermodynamic p rope r t i e s  of t he  s o l i d  so lu t ions .  
During t h e  f i r s t  s i x  to  e igh t  months of t he  gran t  most of t he  
research e f f o r t  w a s  expended toward the  growth of s a t i s f a c t o r y  
a l l o y  s i n g l e  c r y s t a l  specimens f o r  x-ray d i f f u s e  s c a t t e r i n g  
measurements of t h e  l o c a l  atomic arrangements and t h e  develop- 
ment of  t h e  necessary experimental apparatus  f o r  both x-ray and 
electrical  r e s i s t i v i t y  measurements. Most of t h i s  e f f o r t  w a s  
discussed i n  t h e  f i r s t  progress r epor t  covering the  per iod 
March 1, 1965 - August 31, 1965. 
The present  progress r epor t  covers t h e  research  e f f o r t  
during t h e  second six-months per iod of the  grant .  During t h i s  
per iod t h e  bulk of t he  necessary work on the  experimental  equip- 
ment has been completed and some experimental  measurements have 
been made. 
11. PRESENT STATUS OF EXPERIHENTAL EQCIPNENT 
It w a s  pointed out  i n  our  previous r epor t  (1) t h a t  the  
establishment of a f a c i l i t y  f o r  measuring the  d i f f u s e  x-ray 
s c a t t e r i n g  from Fe-A1 a l loys  w a s  necessary.  This f a c i l i t y ,  con- 
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cons i s t ing  of a source of CoKa r ad ia t ion  monochromate3 by a 
germanium s i n g l e  c r y s t a l  together  with an x-ray d i f f rac tometer  
equipped with an Euler ian c rad le  and.  c ryos t a t  f o r  cool ing t h e  
sample t o  l i q u i d  n i t rogen  temperature, has been completed and 
d i f f u s e  scattering xeasurements begun. 
apparatus  are e s s e n t i a l l y  as descr ibed i n  our previous report (1). 
The d e t a i l s  of t h e  completed 
It w a s  a l s o  pointed out t h a t  we  be l i eve  t h a t  many of t he  
c r y s t a l  growth problems encountered i n  our research can be circum- 
vented by us ing  a noble metal wound r e s i s t a n c e  furnace capable 
of opera t ion  up t o  175OOC i n  conjunction with a mechanism f o r  
moving this furnace v e r t i c a l l y  as i n  t h e  s tandard  Bridgman technique. 
A Pt-Rd wound furnace has been purchased (using pr imar i ly  Universi ty  
funds) ,  and a mechanism f o r  gradual ly  r a i s i n g  i t  has been constructed.  
This system is equipped with a high vacuum system and a s tandard  
proport ioning type temperature con t ro l l e r .  A photograph of t h i s  
system is presented i n  Figure 1. This equipment is p resen t ly  being 
used i n  an e f f o r t  t o  grow some Si-Pd a l l o y  s i n g l e  c r y s t a l s .  
111. DISCUSSION OF SONE RESULTS 
. ,  -  
A. The Fe-A1 System 
The f i r s t  usable da t a  t o  be  obtained from the  r ecen t ly  
completed d i f f u s e  s c a t t e r i n g  d i f f r ac tomete r  f o r  iron-base a l l o y s  
is  shown i n  Figure 2. 
measurements of t h e  d i f fuse  s c a t t e r i n g  on t h e  h h 0 plane of 
r ec ip roca l  space from an Fe-14.5 at. X A 1  c r y s t a l .  These 
The da ta  presented are the  r a w  i n t e n s i t y  
1 2  

c 
4 
\ hl 
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i n t e n s i t y  da t a  have not  been converted t o  abso lu te  u n i t s  or 
cor rec ted  f o r  Compton and tempera ture  d i f f u s e  s c a t t e r i n g .  The 
measurements w e r e  made at room. temperature on a crystal  whicii 
had been homogenized i n  argon f o r  two w e e k s  a t  1000°C and then 
cooled 100°C per  day t o  i i jom tezperature, 
Blthmgh t h e  formal ana lys i s  of t h e s e  da t a  has not  been 
c a r r i e d  through, some important conclusions can be drawn from 
Figure 2. The d i f f u s e  s c a t t e r i n g  maxima which occur near  
h l ,  h2 = 5 , O  and hl,h2 = l,$ appear t o  be m o r e  cons i s t en t  with 
t h e  atomic arrangement in  long range ordered FeAl (CsCl-B2 type 
s t r u c t u r e )  than with the  atomic arrangement i n  Fe A 1  (BiF 3-D03 or 
LaMg3-B32 type). 
where t h e  pos i t i ons  of the supe r s t ruc tu re  r e f l e c t i o n s  i n  long 
range ordered FkAl and Fe3A1 are p l o t t e d  in t h e  hlh20 plane of 
r ec ip roca l  space. It is  observed t h a t  i f  a tendency t o  r e t a i n  
3 
This may be seen by r e fe rence  t o  Figure 3 
the  Fc A 1  s t r u c t u r e  ex i s t ed  i n  our a l l o y ,  then  w e  should observe 3 
; hl ,  h2 = 2, 3. 
This con- 
d i f f u s e  maxima near  pos i t ions  such as h = a, 
No such maxima are apparent i n  the  d a t a  of Figure 2, 
c lus ion  is cont ra ry  to  the  conclusion of Houska and Averbach, 
based on powder da t a ,  t h a t  t h e  Fe-A1 a l l o y s  containing less than 
20 at .  % A 1  have atomic arrangements which are more cons i s t en t  
with the  arrangement i n  long range ordered Fe A 1  (2).  3 
Another obvious f e a t u r e  of t h e  d a t a  presented i n  Figure 2 
9 
is t h a t  the  d i f f u s e  
pos i t ions .  
maxima do not  occur p r e c i s e l y  a t  t h e  expected __ 
This  f a c t  is poss ib ly  due t o  a s t rong  atomic s i z e  
e f f e c t  modulation. An understanding of t h i s  e f f e c t  must a w a i t  
6 
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Figure 3.  
reciprocal  space for long range ordered Fe-A1 a l l o y s .  
represent fundamental re f l ec t ions  and open c i r c l e s  represent super- 
structure r e f l e c t i o n s .  
Schematic intens i ty  d i s t r ibut ion  on the  hlh20 plane of 
Closed circles 
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. 
a more complete set  of data  and a c a r e f u l  ana lys i s .  It would be 
premature to  draw f u r t h e r  conclusions from t h i s  da t a  a t  present .  
B. Ni-k7 System 
I n  our  first progress r e p o r t ,  (1) s o m e  x-ray d i f f u s e  
s c a t t e r i n g  d a t a  taken on the  h h 0 plane of r ec ip roca l  space 
f o r  a Ni-10 at. 4; W a l loy  quenched from 1300° C i n t o  i ced  
b r i n e  w a s  presented. 
t a ined  two-dimensional sho r t  r an te  order  parameters and atomic 
s i z e  e f f e c t  coe f f i c i en t s .  Further  da t a  has  been obtained and 
analyzed f o r  t h i s  Ni-10 a t .  % W sample a f t e r  t h e  following 
hea t  treatment:  
a t  6OO0C, 36 hours a t  8OO0C, 74 hours at 7OO0C, 114 hours a t  
600°C, and 114 hours a t  50OoC. 
order  parameters f o r  the quenched condi t ion  and for t he  hea t  
1 2  
We have now analyzed t h i s  da t a  and ob- 
2 hours a t  1000°C, 17 hours a t  9OO0C,114 hours 
The two-dimensional s h o r t  range 
t r e a t e d  condi t ion are presented i n  Table I. 
are r e l a t e d  t o  t h e  usual three-dimensional s h o r t  range order 
parameters,  a through t h e  equat ions 
These parameters 
am 
Two-dimensional atomic s ize  e f f e c t  c o e f f i c i e n t s  f o r  samples 
i n  t h e  quenched and heat  t r e a t e d  condi t ions  are presented i n  
Table 11. These c o e f f i c i e n t s  are a l s o  def ined i n  terns of t h e  
three-dimensional atomic s i z e  e f f e c t  c o e f f i c i e n t s  of Warren, 
Averbach, and S o b e r t s  (3) by 
. 
a 
TABLE I 
TWO-DI"ENS1ONAL SHORT-UYGE OmER PARkYETERS FOR A X i - 1 0  
A t .  x w ALLOY 
lm Quenched Heat Treated* 
00 
10 
11 
20 
21 
22 
30 
31 
32 
40 
41 
33 
42 
43 
50 
51 
52 
44 
53 
60 
61 
1.062 
-0.178 
-0.013 
0,017 
0,017 
-0.072 
0.008 
-0.023 
0.015 
0.003 
-0.019 
-0.002 
-0.004 
-0.025 
-0.017 
0.001 
-0.012 
0.000 
-0.005 
-0.009 
-0.004 
1.131 
-0.235 ' 
-0 * 030 
0.012 
0.047 
-0.077 
0.028 
-0.032 
0.031 
-0.011 
-0,014 
+0.014 
-0 005 
-0.014 
-0.018 
0.007 
-0.002 
0.025 
0,008 
0.002 
0,003 
*See text fo r  heat t 5 e a t m e n t .  
I -  
* 
I 
TABLE I1 
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TWO-DINENSIONAL A T O n C  SZZE EFFECT C9EFFICIEN"S FOR A Ni-10 
Quenched 
I. m=l m52 m=3 
Heat Treated* 
f. W l  m=2 m=3 
0 0.012 0.003 -0.001 
1 0.005 0.000 -0.001 
2 0.002 0.003 0.000 
3 0.001 0.001 0.001 
0 0,015 0.002 -0.002 
1 0.005 -0.001 -0.001 
2 0.001 0.003 -0.002 
3 0.001 0.001 0.000 
- 
*See text for heat treatment. 
PO 
The Of presented i n  Table I ,  as we l l  as the  
i n t e n s i t y  da t a  i t s e l f ,  i nd ica t e  t h a t  t h e  hea t  t reatment  
descr ibed above increased the  degree of order  i n  the  K i - 1 0  a t .  % 
a l l o y  r e l a t i v e  t o  t h a t  which e x i s t e d  a f t e r  quenching from 1300'C. 
Data taken after the I14 h o ~ r s  at 600'C t reatment  and p r i o r  50 
t h z . f i r . a l  114 hours a t  50O'C i nd ica t ed ,  however, t h a t  l i t t l e  
inc rease  i n  order  takes  place with t r e a t n e n t s  a t  600'C o r  above. 
We have obtained three-dimensional short-range order  
parameters from t h e  two-dimensional parameters presented i n  
Table I f o r  t h e  hea t  t r ea t ed  sample. 
l a t e d  from equat ions (1) with the  assumption t h a t  t h e  a's become 
n e g l i g i b l y  s m a l l  f o r  coordinat ion s h e l l s  beyond a330. With t h i s  
assumption 
number of equat ions and it  is poss ib l e  t o  s o l v e  f o r  theaem. 
The r e s u l t s  of t h i s  ca l cu la t ion  are presented i n  Table 111. 
These parameters w e r e  calcu- 
t he  number of unknowns becomes one less than t h e  
Since one e x t r a  equation -(involving parameters with odd ind ices )  
is ava i l ab le ,  i t  i s  poss ib le  t o  use i t  as a check on the  value 
of one parameter, chosen i n  t h i s  case t o  be a' 
equat ion gave a va lue  of a 110 
t h e  va lue  given i n  Table 111. 
t h e  parameters wi th  even ind ices  could n o t - b e  checked a t  a l l ,  
The extra 110' 
' 
= -0.055 i n  good agreement wi th  
It should be pointed out  t h a t  
and, furthermore,  t h e  value of Aoo is used i n  t h e i r  determination. 
Since the  value of Aoo is  dependent on t h e  accuracy of t he  
co r rec t ion  of t he  i n t e n s i t y  da t a  f o r  extraneous e f f e c t s ,  the  
parameters with even- indices  must be considered t o  be less 
.- 
. 
, 
. 
TABLE Xi1 
THREE-DTYENSIONAL SHORT-RANGE ORDER PAUYETERS FOR A xi-lo 
At .  X W ALLOY* 
11 
000 
110 
200 
211 
1.000 
-0.061' 
0.076 
0.008 
220 -0.032 
310 -0.063 
222 -0.022 
321 0.015 
400 
411 
-0.011 
0.007 
330 0.014 
*Heat treated condition. 
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accura t e  than those with odd indices .  The parameters given i n  
Table I11 are c o n s i s t e n t  with a model of t h e  short-range 
s t r u c t u r e  of t h e  a l l o y s  in  which the  W atoms tend t o  occupy t h e  
same atomic pos i t i ons  tha t  they occupy i n  a f u l l y  long-range 
ordered a l l o y  of composition N i  W. 4 
The atomic s i z e - e f f e c t  c o e f f i c i e n t s  of Table I1 are 
approximately t h e  same for  t h e  two condi t ions and are small  
f o r  both cases.  The c o e f f i c i e n t s  are a l l  sens ib ly  p o s i t i v e  
ind ica t ing  t h a t  t he  d is tance  between p a i r s  of tungsten atoms 
i n  s o l u t i o n  is  g r e a t e r  than the average d i s t ance  t h a t  would be 
computed from t h e  l a t t i c e  constant .  
- 
In Figure 4 is presented t h e  electrical r e s i s t i v i t y  of a 
Ni-10 a t .  X,  W a l l o y  as a func t ion  of co ld  work following 
annealing a t  95OoC. These d a t a  show t h a t  t h e  electrical 
r e s i s t i v i t y  decreases  with inc reas ing  co ld  work. This unusual 
behavior i s  by d e f i n i t i o n  t y p i c a l  of t he  behavior assoc ia ted  with 
the  so-called “K-state.“ A s i m i l a r  e f f e c t  has been found a n d :  
r ecen t ly  published by Baer (4) i n  o t h e r  Ni-W and Ni-Mo a l l o y s  
i n  t h e  Ni-rich terminal s o l i d  s o l u t i o n  range. 
t h e  occurrence of the  K-state t o  the  ex i s t ence  of short-range order  
Baer has a t t r i b u t e d  
i n  these  a l loys .  Presumably an increas ing  degree of short-range 
order  increases  the  e l e c t r i c a l  r e s i s t i v i t y  i n  Ni-W a l l o y s .  Cold 
working a short-range ordered a l l o y  d i so rde r s  i t  and the re fo re  
reduces the  electrical r e s i s t i v i t y .  The decrease i n  r e s i s t i v i t y  
due t o  the  d isorder ing  process  apparent ly  over r ides  the  usua l  
r e s i s t i v i t y  inc rease  caused by cold working. W e  agree t h a t  
13 
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a 
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Q 
PER CENT REDUCTION IN AREA 
Figure 4. 
10 at.  X W alloy previously annealed at 950°C. 
The effect of cold work on the electrical resistivity of a Ni - 
Measurements made at 72OF. 
We agree t h a t  short-range order  is probably responsible  f o r  
t h e  observed e f f e c t s  which are assoc ia ted  with the  K-state. 
However, some other quest ions need t o  be answered before  t h i s  
problem can be considered s e t t l e d .  For example, why does 
short-range order  cause an increase i n  the  e l e c t r i c a l  resis- 
t i v i t y  of some a l l o y s  and a decrease f o r  o t h e r s  ( 5 ) ?  And how 
is a change i n  the  degree of short-range order  r e f l e c t e d  quanti-  
t a t i v e l y  i n  a change i n  the  electrical r e s i s t i v i t y  and o the r  
p rope r t i e s  of t he  a l l o y ?  
Baer po in t s  ou t  (4) t h a t  s i n g l e  c r y s t a l  measurements such 
as thrJse t h a t  w e  are present ly  performing are needed f o r  a f u l l  
and unequivocal i n t e r p r e t a t i o n  of t h e  short-range s t r u c t u r e  and 
i ts  r e l a t i o n  t o  t h e  K-state. 
some of Baer's conclusions,  drawn from h i s  f a i r l y  crude powder 
measurements, are examined i n  the  l i g h t  of our  s i n g l e  c r y s t a l  
measurements. 
This need is q u i t e  evident  when 
Baer concludes tha t  t he  l o c a l  atomic arrangements i n  Hi-W 
s o l i d  s o l u t i o n s  a r e  not the  same o r  s i m i l a r  t o  t h e  atomic 
arrangements i n  long range ordered N i  W nor  do t h e  l o c a l l y  
ordered regions act as n u c l e i  f o r  t h e  formation of t h e  locg  
range ordered s t r u c t u r e .  H i s  conclusion w a s  based on the  f a c t  
4 
t h a t  t he  local-order  i n t e n s i t y  peaks do no t  occur a t  t h e  same 
pos i t i ons  as the  supe r s t ruc tu re  r e f l e c t i o n s  f o r  t h e  long range 
ordered phase. Our s i n g l e  c r y s t a l  da t a  on Ni-Mo (6) and Ni-W 
a l l o y s  a l s o  show t h a t  t h e  local-order  i n t e n s i t y  maxima do not  
. . *  
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occur a t  t h e  same pos i t ions  i n  r e c i p r o c a l  space as the  i n t e n s i t y  
. peaks f o r  t h e  supers t ruc ture .  Y e t  our  d a t a  a r e  bes t  i n t e r p r e t e d  
i n  terms of a model f o r  the sho r t - r ange ' s t ruc tu re  t h a t  does 
indeed indicate a s i m i l a r i t y  t o  t h e  s t r u c t u r e  of long range 
ordered Ef ?!a. The precise loca t ion  of t h e  d i f f u s e  i n t e n s i t y  4 - .  
m x i m  are more s e n s i t i v e  t o  t h e  h igher  order  s t r u c t u r e  
parameters -- a f a c t  which suggests  t h a t  i n  Xi-W and Ni-Mo 
a l l o y s  i t  is t h e  s i z e  of t he  l o c a l l y  ordered regions t h a t  
accounts f o r  t h e  pos i t ion  f o  the  d i f f u s e  maxima and not  t h a t  
t h e  arrangement of the  near neighbor atoms of t h e  l o c a l l y  ordered 
a phase is so d i s s i m i l a r  from t h e  long range ordered s t r u c t u r e .  
Bec=pse Baer has  completed a r e l a t i v e l y  thorough study of 
t h e  e f f e c t s  of hea t  treatment and cold work on the  e l e c t r i c a l  
r e s i s t i v i t y  of Ni-rich N i - W  s o l i d  s o l u t i o n s ,  w e  be l i eve  t h a t  w e  
can now do fewer e l e c t r i c a l  r e s i s t i v i ty  measurements on these  
a l l o y s  than w e  had o r i g i n a l l y  planned. Rather than do many 
more r e s i s t i v i t y  measurements w e  be l i eve  t h a t  more information 
concerning t h e  na tu re  of t hese  K-state a l l o y s  can be gained 
from measurements of the  s t o r e d  energy as a func t ion  of cold 
work and i n i t i a l  heat treatment and measurements of t h e  s p e c i f i c  
hea t  as a func t ion  of temperature. We have prepared samples f o r  
both types of measurements. 
Diffuse s c a t t e r i n g  neasurements w i l l  be obtained from 
po lyc rys t a l l i ne  samples as a func t ion  of co ld  work i n  order  t o  
c o r r e l a t e  the  short-range order  parameters with the  s t o r e d  
energy measurements. 
to check fo,r the presence of anomalies i n  s p e c i f i c  heat such as 
The s p e c i f i c  heat measurements w i l l  be used 
have been attributed to t h e  dispersion of short-range order i n  
other a l l o y s  (7) .  
, 
: i 
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